Introduction
Polyunsaturated fatty acids (PUFAs) are long chain fatty acids (i.e. carbon chain length is more than 18 carbon atoms) that constitute a group of biologically active compounds essential to humans. The position of the double bond that is closest to the methyl end of the fatty acid chain classifies PUFAs into two groups: the omega-3, where this double bond is found three carbon atoms away from the methyl group, and the omega-6, where the double bond is six carbon atoms away from the methyl group. These two groups, although structurally similar, have very different biological activities [1] [2] [3] . Ongoing research has shown that omega-3 PUFAs have a beneficial effect, while omega-6 could contribute to diseases like obesity, inflammation and cardiovascular disease [3] [4] [5] [6] [7] [8] [9] . Even though information is widely available on the benefits of PUFAs in the diet, most people do not consume PUFAs on a regular basis. This may be due to the less availability of PUFA sources due to location or socio-economic reasons [10] . However, the market for PUFAs is expected to expand by 2020 as the health-consciousness among the consumers increases [11] . Fish, particularly oily fish such as salmon and mackerel, and fish oils are the major dietary sources of PUFAs in most countries. However, fish are not a sustainable source because of decreasing amounts and the contamination of their habitats which affects the quality of the final product (i.e. fish or fish oil) [12, 13] . Therefore, alternative sources are needed to meet the recommended daily amounts.
Microbial lipids have long been considered as sources of PUFAs [14] [15] [16] . Indeed, microbial lipids can be produced from simple sugars like glucose under well controlled conditions in a sustainable manner [17, 18] . The major drawback of microbial lipids is their high production costs which are limiting their market penetration. Genetic engineering of microorganisms that would increase their lipid productivity could alleviate the costs and provide a sustainable and affordable source of PUFAs [19, 20] . Overall, the growing PUFA market is expected to increase the demand for these products so novel lipids, whether of microbial or other origin, may soon hit the market.
In this review, the major biological activities of omega-3 and omega-6 PUFAs will be discussed and an overview of their dietary sources will be given.
Polyunsaturated Fatty Acid Biosynthesis
The biosynthesis of PUFAs involves a series of elongation and desaturation reactions that convert one of the final products of the the fatty acid biosynthetic pathway, stearic acid, to the different omega-6 and omega-3 fatty acids ( Figure 1 ). Stearic acid is desaturated to produce the monounsaturated fatty acid, oleic acid (C18:1), which can be considered as the biosynthetic precursor for both series of PUFAs. Oleic acid is further desaturated to yield linoleic acid (C18:2), the first member of the omega-6 series. Linoleic acid sits at a branching point of the pathway and can be desaturated either to γ-linolenic acid (18:3-omega-6) or α-linolenic acid (18:3-omega-3) [8, 21, 22] . The latter reaction is catalyzed by Δ15-desaturase, also known as omega-3 desaturase, because it introduces a double bond between the omega-2 and omega-3 carbon atoms. α-linolenic acid is the biosynthetic precursor of the omega-3 PUFAs giving rise to the long chain eicosapentaenoic acid (EPA, 20:5-omega-3) and docosahexaenoic acid (DHA, 22:6-omega-3). On the other hand, γ-linolenic acid is further elongated and desaturated to yield arachidonic acid (AA, 20:4), the major omega-6 PUFA.
Dietary significance of PUFAs

Cardiovascular disease
According to AHA, cardiovascular disease (CVD) remains the leading cause of death with17.3 million deaths per year globally [5] . The predictions are overwhelming: more than 23.6 million people are expected to die from CVD by the year 2030. CVD is described as diseases of the blood vessels and circulatory system, including coronary heart disease, myocardial infarction, and stroke. Dietary interventions for decreasing CVD risks have long been sought and are the subject of many epidemiological and clinical studies. Among these interventions, supplementation of diets with omega-3 PUFAs has attracted a lot of interest, however, the results remain contradictory.
Both DHA and EPA along or in combination have been used as a supply of omega-3 PUFAs in dietary intervention studies. Epidemiological studies in China showed that increased intake of dietary omega-3 PUFAs from marine and plant sources is associated with reduced risk of CVD mortality [23] . These results are similar to the results of the JELIS study performed in Japan which looked at the long-term effects of EPA supplementation on the prevention of major coronary events in hypercholesterolemic patients [24] . The results of this study showed that supplementation with EPA reduced major coronary events which indicates that EPA could be used as a treatment for CVD [24] . On the other hand, several studies failed to show an effect of omega-3 supplementation on CVD [4, 25] . Similar results were obtained with systematic data analysis of 20 published epidemiological studies where no correlation between omega-3 supplementation and CVD was found [26] . These results, however, should be interpreted with caution since it has been shown that several factors may affect the outcome of studies like the dose of omega-3 PUFAs, the baseline status of omega-3 fatty acids of the participants in the study, and the bioavailability of PUFAs which seems to be affected by the fat content of the meal [7] .
Inflammation
Omega-3 fatty acids have anti-inflammatory effects, which are mediated by antagonizing the pro-inflammatory omega-6 fatty acids. Omega-6 fatty acids reside in the membranes of inflammatory cells (i.e. leucocytes, neutrophils) where they are esterified in the membrane phospholipids. The inflammatory reaction cascade starts with the action of phospholipase A2 on membrane phospholipids which releases omega-6 fatty acids, such as arachidonic acid [8] . The arachidonic acid is then acted upon by oxidative enzymes like cyclo-oxygenase (COX) and lipoxygenase (LOX) which catalyze the first steps of the biosynthetic pathways that lead to the production of prostaglandins (i.e. PGE2) and thromboxanes (COX), and leucotrienes (LOX) [8] . These compounds belong to the group termed eicosanoids and are involved in inflammation.
Omega-3 PUFAs such as EPA and DHA can compete with arachidonic acid for the available COX and LOX enzymes because omega-3 PUFAs are also a substrate for these enzymes. The key difference is that the metabolites that are produced by the action of COX and LOX on EPA and DHA are much less potent in inducing inflammation than those produced from arachidonic acid. This means that less inflammatory molecules should be produced in the presence of EPA and DHA. Indeed, a recent study showed that dietary omega-3 PUFAs (i.e. EPA and DHA) can modulate inflammatory markers, but DHA was proven to be more potent than EPA [9] . The mechanism by which omega-3 PUFAs exert their anti-inflammatory effects seems to be through G protein-coupled receptors like GPR120 which mediates the inhibition of pro-inflammatory signaling pathways [27] .
Obesity
Obesity is a growing epidemic in developing countries where Western diet is predominant [28] . Dietary interventions have long been considered as a means to prevent obesity and in these interventions, omega-3 fatty acids have shown promise. Studies with rodents fed with high fat diets that contain large amounts of omega-3 PUFAs show a consistent decrease in the obesity of the animals [28] . In humans, however, similar supplementation studies have produced conflicting results [29] . These discrepancies are thought to be due to inconsistency in the design of the studies, the form of supplementation (i.e. fish oil versus omega-3 supplements), genetic variations among the participants, variations in weight and state of disease (lean versus obese individuals) etc. [3] . Furthermore, the mechanisms by which omega-3 exert their anti-obesity effects are not well understood. For example, a study on the anti-obesity effects of omega-3 fatty acids showed that they can act by increasing satiety, thus restricting food intake in overweight and obese individuals [30] . Other studies found that omega-3 fatty acids act by inhibiting the lipogenic enzymes, while at the same time they increase fatty acid oxidation [31] . Clearly, more studies are needed to support the anti-obesity effect of omega-3 PUFAs.
On the other hand, a positive correlation between omega-6 intake and increased body fat mass has been established in recent years [6, 32, 33] . For example, the increasingly high intake of linoleic acid that is characteristic of Western diets is correlated with increased rates of obesity [34] . The mechanism by which linoleic acid is contributing to weight gain and obesity seems to be through its oxidized metabolites 9-hydroxy-octadecadienoic (9-HODE) and 13-hydroxy-octadecadienoic (13-HODE) which are thought to trigger preadipocyte (fat cell) differentiation [34] . Also, linoleic acid can be converted to arachidonic acid in the body which is correlated with increased inflammation (see above) and increased adipocyte formation [34] . In mice, a diet high in linoleic acid increased body fat mass and this increase was seen in successive generations that were fed the same diet [1] . Thus, it seems that increased exposure to omega-6 fatty acids can increase adiposity across generations, which is in line with the increasing obesity epidemic.
Prenatal and infant nutrition
Perhaps one of the most widely recognized health benefits of omega-3 PUFAs is in prenatal and infant nutrition. Human brains can accumulate DHA up to the age of eighteen, but most of the DHA accumulates during pregnancy until the age of two [35] . The Western diet does not provide sufficient amounts of omega-3 PUFAs to the mother and thus the growing fetus, so some form of dietary supplementation is needed during pregnancy [36] . Research findings suggest that dietary supplementation with EPA and DHA during pregnancy reduces the risk of preterm birth, increases the birth size [37] and improves the cognitive and visual development of the infant [38] . However, a recent systematic data analysis failed to show any positive correlation between infant brain development and omega-3 supplementation of the maternal diet [39] . Furthermore, supplementation with DHA during pregnancy does not improve the attention or working memory of preschoolers [36] . In infant nutrition, early studies showed that supplementation of infant formulas with EPA and DHA improved cognitive and visual development of the infants [40] [41] [42] . Thus, dietary recommendations for pregnant women and infants include some form of omega-3 supplementation.
Cognitive performance and mood disorders in adults
Despite the conflicting evidence on the actual effect of omega-3 supplementation on brain development in infants, there is ongoing interest in researching the effect of this supplementation all the way from childhood to adulthood and to late stages in life. Systematic reviews and meta-analysis of published research show a correlation between DHA and EPA supplementation and memory function in older adults [43] . In populations that are PUFA deficient, supplementation with omega-3 shows some benefit in cognitive functions [44] . As cognitive aging progresses, the onset of certain memory related diseases, such as dementia and Alzheimer's, begins. Since omega-3 PUFAs cause an improvement of cognitive performance, it has been argued that they could also contribute to the prevention of these diseases. Indeed, supplementation of elderly diets with 2.2 g per day of omega-3 PUFAs significantly improved memory performance [45] . Recent studies have focused on the effect of PUFA supplementation on mood disorders and other psychiatric diseases. There is limited evidence that suggest a beneficial effect of omega-3 PUFAs on depression where they decrease the symptoms [10] . Furthermore, studies have showed that individuals at risk of developing psychotic disorders might benefit from omega-3 supplementation [2] . Overall, there seems to be a positive effect of omega-3 PUFA on cognitive performance and mood enhancement across ages.
The role of PUFAs in certain diseases is becoming more apparent because of the increasing number of well-controlled studies that are addressing the effects of dietary PUFAs. There is increasing evidence that suggest that a deficit in omega-3 PUFAs is linked to diseases such as CVD, while an imbalance in omega-3 to omega-6 ratio can lead to inflammation and obesity. Also, cognitive performance throughout life seems to benefit by supplementation of diets with omega-3 PUFAs. These findings have been translated to dietary recommendations that are discussed below.
Dietary Sources of PUFAs
Conventional dietary sources
In an effort to reduce the risk of CVD in the United States, the American Heart Association (AHA) recommends the consumption of fish, particularly oily fish, at least twice a week in the diets of adults and children over two years old [46] . The dietary recommendations for omega-3 fatty acids in the form of EPA and DHA are 0.5 to 1 g per day for individuals with normal blood triglyceride levels. In pathological conditions such as hypertriglyceridemia, AHA recommends that the daily dose should be increased to 2-4 g of EPA and DHA [47] . Dietary sources of omega-3 PUFAs include plants (e.g. leafy vegetables) and oily fish (e.g. salmon, mackerel). These sources are particularly enriched in some dietary regimens, like the Mediterranean diet.
Mediterranean diet has long been considered as a good source of PUFAs. Adherence to Mediterranean diet has been linked to health benefits such as a lower likelihood of incident cognitive impairment [48] , and less brain atrophy in older adults [49] . Mediterranean diet has also been shown to protect against CVD [50] , and reduce the mortality rates in patients that suffered a myocardial infarction [51] . These health benefits were attributed, at least partly, to the omega-3 PUFAs that are found in fish and vegetables [52] . Indeed, intervention studies showed that switching to a Mediterranean diet increases the levels of omega-3 PUFAs in plasma fatty acids [53] and in serum [54] . The major source of long chain omega-3 PUFAS in Mediterranean diets is fish which are consumed at moderate to high amounts in different areas of the Mediterranean basin [55, 56] . Fish consumption, however, is associated with potential health problems and sustainability issues.
The problems related to fish being the primary source of PUFAs include less sustainability because of the decline of wild fish populations and the potential for heavy metal contamination. Some compounds (e.g. methyl mercury and polychlorinated biphenyls) can contaminate fish and become a concern for specific groups of the population, such as children and pregnant women [46] . Furthermore, the AHA recommends that consumers check with the Federal Drug Administration (FDA) and the Environmental Protection Agency (EPA) before consuming fish from local sources to ensure that it isn't potentially contaminated with any heavy metals [46] . Because of the problems (i.e. sustainability and potential heavy metal contamination) associated with fish as a source of PUFAs, more sustainable and safer sources of these oils needs to be found.
Microbial oils as sources of PUFAs
Microbial oils have long been considered as an alternative to fish oils because they contain high amounts of PUFAs [16, 57] . These are the oils that are produced from fungi [58, 59] and algae [59, 60] and their composition is pretty similar to vegetable and fish oils. The final product (i.e. purified microbial oil) is made almost entirely of triacylglycerol and can be used as a dietary supplement [19] . The advantage of microbial oils is that they can be produced under well controlled conditions in a bioreactor and thus the final product can meet the highest standards of purity and safety required for human nutrition [61] . The process for microbial oil production is usually heterotrophic, meaning that a carbon source like glucose is supplied to the microorganism. The glucose is consumed and converted to biomass until an essential nutrient, usually nitrogen, runs out. Since nitrogen is essential for growth, biomass production ceases after nitrogen is exhausted, and the microbial cells enter an oil accumulating phase [61] . When oil accumulation reaches its maximum value, the microbial cells are harvested and the oil is extracted using the same procedures used for vegetable oils [62] . However, microbial oils are much more expensive to produce than vegetable oils and thus only specialty oils with high nutritional value can be economically produced.
Commercial success for microbial oils came in the early 90s where large-scale processes for the production of a DHA rich oil by algae were developed by Martek Biosciences in USA. This oil was used in infant formulas and quickly became a success mainly due to the lack of alternative sources [63] . The oil produced is called DHASCO™ or life's DHA and it received GRAS status by FDA in 2002. The annual sales of this oil were between 2,000 to 3,000 tons in 2011 and are probably close to 6,000 tons today [17] . The market for novel microbial oils remains open because of the new research findings that support the various benefits that come from PUFA supplementation. A good example of this is EPA rich oils, which are sought by those seeking to improve their mood and overall feeling of well-being. Indeed, an EPA rich oil has been developed using a genetically modified yeast, Yarrowia lipolytica [19] . Yeasts do not produce PUFAs like EPA naturally and thus they need to be engineered to be able to produce them. The yeast EPA oil was sold under the name New Harvest and was marketed as a vegetarian alternative to fish oils presenting claims of improved mood and overall well-being. However, this oil is currently off market. An alternative microbial source would be microalgae which are known to synthesize long chain PUFAs. Indeed, DHA from microalgae has been used for supplementing infant formulas for the past 25 years [14, 16, 63] . Also, processes for commercial EPA production by microalgae have been sought, but the economics do not look favorable [59, 60] . However, microbial lipids are well positioned to fulfill the growing needs of the PUFA market.
